A ngiogenesis (1), along with recruitment of inflammatory cells, production of proinflammatory cytokines (2) , and aggressive proliferation of fibroblast-like synoviocytes (3) , is critically involved in the process of chronic inflammation and joint destruction in rheumatoid arthritis (RA). 3 In the previous study, through a comprehensive analysis of mRNA in the synovial tissues, we identified overexpression of inhibitor of DNA binding/differentiation (Id) family proteins, Id1 and Id3, and their localization to the endothelial cells, within the synovial tissues of RA (4) .
The Id family consists of four members, Id1 to Id4, which contain helix-loop-helix (HLH) domains, but not DNA binding domains (5) . Id proteins were originally identified as dominant-negative antagonists of the basic HLH transcription factors such as MyoD (5) as well as non-basic HLH proteins such as Rb (6) , and have been known to play a crucial role in developmental processes (7) (8) (9) (10) (11) . They are predominantly expressed in fetal tissues and in some transformed cells (12) , and are down-regulated during differentiation (13, 14) . Id also controls cell proliferation and the progression of cell cycle (15) . Id has been shown to repress p16
INK4a expression by directly inhibiting the binding of Ets1 and Ets2 transcription factors to p16
INK4a promoter (16) , and to prevent exit from the cell cycle. Expression of Id3 is regulated by Ras-ERK MAPK cascade (17) and Smad1/5 signaling (18) .
A previously unsuspected role of Id was recently disclosed. Id1 ϩ/Ϫ Id3 Ϫ/Ϫ mice were unable to support angiogenesis necessary for the progression of tumor xenografts (19) , suggesting that Id1 and Id3 may also be required for the angiogenesis in adult tissues. We hypothesized that the localization of Id within the synovial endothelial cells in RA (4) may imply involvement of Id in the inflammation and angiogenesis typically observed in the synovial tissues of RA. If this is the case, Id can be an attractive target for the treatment not only of cancer, but also of RA, because expression of Id is usually weak in normal adult tissues, except for the proliferating cells (20) .
In the present study, we examined whether the overexpression of Id alone can induce activation and angiogenesis in cultured human endothelial cells, and whether suppression of Id can inhibit activation and angiogenic processes of these cells induced by vascular endothelial growth factor (VEGF).
Materials and Methods

Monoclonal Abs
The mAbs used for flow cytometry were as follows: FITC-labeled anti-human ␣ v integrin (Beckman Coulter, Fullerton, CA), PE-labeled anti-human ICAM-1 (Beckman Coulter), PE-labeled anti-human ␤ 1 integrin (DakoCytomation, Carpinteria, CA), CyChrome-labeled anti-human E-selectin (BD Biosciences, San Jose, CA), and unlabeled anti-human ␣ 2 integrin (DakoCytomation). MsIgG1-RD1/MsIgG1-FITC (Beckman Coulter), IgG1-PE (Beckman Coulter), IgG1-CyChrome (BD Biosciences), and unlabeled IgG1 (DakoCytomation) were used as isotype controls.
Endothelial cell culture and transient transfection
Primary HUVECs were isolated as previously described (21) and cultured in MCDB151 medium (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-denatured FBS (HyClone, Logan, UT), 500 g/ml heparin (Sigma-Aldrich), and 2 ng/ml human acidic fibroblast growth factor (FGF; PeproTech, London, U.K.) in dishes treated with 0.1% gelatin (Wako Pure Chemical, Osaka, Japan). Cells were cultured at 37°C in an atmosphere of 5% CO 2 , and routinely passaged by trypsinization when achieving confluence. HUVECs used in all experiments were of up to seven passages.
Transfection was performed using Effectene Transfection Reagent (Qiagen, Hilden, Germany). Overexpression of ID genes in HUVECs was achieved using pBLAST49-hId1a(c) and pBLAST49-hId3(c) plasmid vectors (InvivoGen, San Diego, CA). pBLAST49-mcs (InvivoGen) was used as a negative control.
To knockdown ID1 and ID3, small hairpin RNAs (shRNAs) were designed. The sequences of ID1-and ID3 shRNAs were as follows: TCCCAAAGAATCATGAAAGTCGCCAGTTCAAGAGACTGGCGA CTTTCATGATTCTTTT and TCGGATCCAACCTCACAGCACCTC ACTTCTTCAAGAGAGAAGTGAGGTGCTGTGAGGTTTTTTTTGG AAAAGCTTGG, respectively, with 3Ј single-strand overhangs for ligation into RNA expression vectors (psiRNA-hH1 neo (InvivoGen) for Id1; pSilencer 2.0-U6 (Ambion, Austin, TX) for Id3) containing H1 or U6 RNA polymerase III promoter.
Transfection efficiency was examined using X-Gal staining assay (Gene Therapy Systems, San Diego, CA). LacZ expression vector was transfected into HUVECs under the same conditions in which Id3 transfectants and Id1/Id3 RNAi transfectants were generated. After incubation for 24 h, the cells were placed in the fixing buffer for 15 min at room temperature. Then, X-Gal staining solution was added to the dishes, and the cells were incubated for 10 h at 37°C. After incubation, stained and unstained cells were counted. The transfection efficiency was determined to be 62.6 Ϯ 9.6%.
Endotoxin levels in the vector preparations were measured using endotoxin detection kit based on Limulus amebocyte lysate assay (Endospecy ES-50M; Seikagaku Corporation, Tokyo, Japan). Contamination of endotoxin was undetectable.
RT-PCR
Total RNA was isolated from the cells using RNeasy Mini kit (Qiagen), and was treated with DNase inhibitor (DNA-free (Ambion)). First-strand cDNAs were synthesized from RNA using ImProm-II reverse transcription system (Promega, Madison, WI). Quantitative RT-PCR was performed using a real-time RT-PCR machine (LightCycler), with LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics, Mannheim, Germany) and gene-specific primer sets. The data were analyzed by fit-points method using the LightCycler analysis software. ␤-Actin or GAPDH were used to normalize total RNA levels. The assays were done in triplicate.
Induction of Id1 and Id3 in HUVECs after stimulation for 24 h by VEGF (20 ng/ml), TGF␤ (0.5 ng/ml), TNF-␣ (20 ng/ml), or IL-1␤ (1 ng/ml) (all from PeproTech) was examined by conventional RT-PCR. The PCR products were electrophoresed, stained with SYBR Gold (Molecular Probes, Eugene, OR), and relative mRNA levels were calculated from the band intensity using ␤-actin as a reference.
Because the ordinary culture medium for HUVEC contained acidic FGF, the effect of basic FGF (bFGF; PeproTech) for the induction of Id1 and Id3 was examined under a different culture condition. HUVECs were cultured in serum-free medium (Human Endothelial-SFM; Invitrogen Life Technologies, Carlsbad, CA) supplemented with epidermal growth factor (10 ng/ml; Invitrogen Life Technologies) in accordance with the manufacturer's instruction, in the presence or absence of bFGF (10 ng/ml). After 72 h, Id1 and Id3 mRNA levels were quantitated as described above.
The primer pairs used for RT-PCR were the following: Id1, 5Ј-AGC CAGTCCGCCAAGAATCAT-3Ј(forward),5Ј-ACTCACTCCCCAGCA TGAAG-3Ј (reverse); Id3, 5Ј-CTCCACGCTCTGAAAAGACC-3Ј (forward), 5Ј-ACTCAGATTAAGCCAGGTGGA-3Ј (reverse); p16
INK4a , 5Ј-AGCCTTCGGCTGACTGGCTGG-3Ј (forward), 5Ј-GCAGTTAAG GGGGCACGAGTG-3Ј (reverse); ICAM-1, 5Ј-ACCTGGCAATGCCC AGACATCTGTGT-3Ј (forward), 5Ј-GTACACGGTGAGGAAGGTTT TAGCTGTTG-3Ј (reverse); E-selectin, 5Ј-AAAACTTCCATGAGGCC AAA-3Ј (forward), 5Ј-GCATTCCTCTCTTCCAGAGC-3Ј (reverse); matrix metalloproteinase (MMP)2, 5Ј-ATGACAGCTGCACCACT GAG-3Ј (forward), 5Ј-TGATGTCATCCTGGGACAGA-3Ј (reverse); and MMP9, 5Ј-GGCGCTCATGTACCCTATGT-3Ј (forward), 5Ј-CCCTCAGTGAAGCGGTACAT-3Ј (reverse).
Cell proliferation assay
The proliferative activity of HUVECs was measured using the WST-1 cell proliferation assay (Takara Bio, Otsu, Japan). Cells were cultured on gelatin-coated flat-bottom 96-well microtiter plate at 2 ϫ 10 4 cells/well. After 24 h, 10 l of WST-1 solution was added to each well, and the cells were incubated at 37°C in an atmosphere of 5% CO 2 for 4 h. The supernatant solutions were transferred to a new 96-well plate, and the absorbance of each well was measured at 480 nm. Experiments were performed in triplicate, and the proliferative activity was calculated as the mean Ϯ SD of the triplicate wells divided by that of the controls.
Apoptosis induction
Apoptosis was induced in Id1-, Id3-, or mock-transfected HUVECs by serum deprivation (22) . After the cells were cultured without FBS for 48 h, apoptotic cells were detected with Annexin V-FITC staining (Annexin V-FITC kit; Beckman Coulter). Freshly split HUVECs with or without treatment with agonistic anti-Fas/CD95 Ab (7C11; Beckman Coulter) were used as positive and negative controls, respectively. FIGURE 1. Expression of ID1 and ID3 mRNA is induced in HUVECs by VEGF or TGF␤. a and b, Id1 and Id3 mRNA levels were measured in HUVECs with or without stimulation with VEGF (20 ng/ml), TGF␤ (0.5 ng/ml) (a), TNF-␣ (20 ng/ml), or IL-1␤ (1 ng/ml) (b) for 24 h. HUVECs transfected with ID1 (Id1-t) or ID3 (Id3-t) were used as the positive controls. c, In the case of bFGF, to exclude influence from acidic FGF contained in the ordinary culture medium, HUVECs were cultured in serumfree medium supplemented with epidermal growth factor for 72 h, in the presence or absence of bFGF (10 ng/ml). The densitometric intensity of each band was normalized to ␤-actin, and intensities relative to the control cells are shown under each panel.
Flow cytometry
HUVECs were harvested by washing with 0.02% EDTA-PBS followed by treatment with trypsin-EDTA (InvivoGen), resuspended in PBS containing 0.1% BSA (Sigma-Aldrich) and 0.1% sodium azide, and incubated for 30 min with 50 ng/ml human ␥-globulin (Sigma-Aldrich) at room temperature, to block for nonspecific binding.
For direct immunofluorescence staining, the cells were incubated with fluorescence-labeled mAbs or the isotype-matched controls for 30 min on ice, and then washed three times using a washing buffer consisting of PBS containing 0.2% BSA and 0.1% sodium azide. For indirect immunofluorescence staining, the cells were incubated with unlabeled primary mAbs or the isotype-matched Abs for 30 min on ice, washed with washing buffer, and then incubated with PE-conjugated goat anti-mouse IgG (Beckman Coulter), followed by another washing in washing buffer. Fluorescence intensity was analyzed in the EPICS XL (Beckman Coulter) or in the FACSCalibur (BD Biosciences).
Transmigration assay
Transmigration assays were performed using 8-m-pore Transwell chambers (Corning, Corning, NY). HUVECs harvested by trypsinization were resuspended in MCDB151 medium containing 0.2% BSA, and seeded at 1 ϫ 10 4 cells per well on the gelatin-coated upper chambers. Lower chambers were filled with 600 l of the same medium supplemented with 10% FBS without or with either VEGF (20 ng/ml) or IL-1␤ (0.5 ng/ml). After incubation for 8 h at 37°C, 60 l of 0.2% EDTA-PBS was added to the lower wells, and cells were harvested. The number of cells in the region corresponding to endothelial cells was counted in the EPICS, after acquiring cells in each sample for 50 s. The assays were done in triplicate.
Zymography
HUVECs were seeded on uncoated 100-mm dishes at 1 ϫ 10 6 cells/well and were incubated with a 1:1 mixture of serum-free DMEM and F-12 Ham's medium (Sigma-Aldrich) for 12 h at 37°C. Then, supernatants were collected and, after removal of cells by centrifugation, were concentrated using the Centricon YM-10 concentrator (Millipore, Bedford, MA). Samples were then diluted with the same volume of sample buffer, and the MMPs were separated in SDS-PAGE using 10% polyacrylamide gels containing 0.1% gelatin. The gels were then incubated in 6.25% Triton X-100 (Wako Pure Chemical) for 1 h to remove SDS, and then placed for overnight in an incubation buffer containing 5 mM CaCl 2 and 1 M ZnCl 2 for development of enzyme activity. The gels were stained using Coomassie brilliant blue and destained in methanol/acetic acid. Gelatinase activity was detected as unstained bands. Id3-t) , or pBLAST49-mcs (mock-t) vector was transfected into HUVECs. Total RNA was isolated from each transfectant, and Id1 or Id3 mRNA level was sequentially quantitated using real-time RT-PCR. b, Proliferation of HUVECs at 24 h after transfection. Id1-t and Id3-t exhibited significantly higher proliferation in the absence of VEGF, compared with mock transfectants. Proliferation of Id transfectants was comparable with that of untransfected HUVECs stimulated with 10 ng/ml VEGF. Proliferation was measured using WST-1 assay. c, p16
INK4a mRNA levels of ID3 and mock transfectants were measured with real-time RT-PCR. p16 
In vitro tube formation
In vitro tube formation assay was performed using the Matrigel basement membrane matrix (BD Biosciences). Matrigel, kept on ice, was placed at 1 ml/well in six-well culture plates. The plates were then incubated at 37°C for 30 min to allow Matrigel to solidify. HUVECs were seeded at 5 ϫ 10 4 cells per well on the top of the solidified Matrigel in the presence or absence of VEGF, and the plate was incubated at 37°C for 24 h. Tube formation on Matrigel was observed and analyzed under the microscope. The degree of angiogenesis was measured by multiplying the number of branch points by the total number of branches (23) .
Statistics
Statistical significance was analyzed with Student's unpaired t test using StatView for Windows, version 5.0 (SAS Institute, Cary, NC).
Results
Induction of Id expression by VEGF and TGF␤ in HUVECs
To gain insight into the significance of Id in relation to physiological endothelial cell activation and angiogenesis, we examined whether mRNA expression of Id1 and Id3 could be induced by known stimulators of endothelial cells such as VEGF, TGF␤, TNF-␣, IL-1␤, and bFGF. Significant up-regulation was observed for Id1 and Id3 mRNA when stimulated with VEGF (20 ng/ml) or TGF␤ (0.5 ng/ml) (Fig. 1a) . In contrast, expression of Id was not induced by IL-1␤, TNF-␣, or bFGF (Fig. 1, b and c) .
Induction of proliferation of HUVECs by overexpression of Id
Next, we asked whether overexpression of Id alone could induce activation and proliferation of HUVECs. To address this question, (Fig. 2a) . Proliferation was significantly enhanced in both transfectants as compared with mock transfectant, to levels similar to the proliferative activity of untransfected HUVECs when stimulated with VEGF (Fig. 2b) .
Id has been shown to regulate the cell cycle via transcriptional regulation of p16
INK4a (16) . In Id transfectants, the p16 INK4a expression was found to be inversely correlated with expression level of ID mRNA (Fig. 2, a and c) .
Id has also been shown to regulate apoptosis either positively or negatively, depending on the cell types (24, 25) . The effect of Id overexpression on apoptosis was examined by serum starvationinduced apoptosis model. After the cells were cultured for 48 h without FBS, Id1 and mock transfectants exhibited comparable enhancement of annexin V binding compared with freshly split HUVEC. In contrast, annexin V binding was significantly inhibited in Id3 transfectants, suggesting that overexpression of Id3, but not Id1, inhibits HUVEC apoptosis induced by serum starvation (Fig. 2d) .
Induction of activation markers in HUVECs by overexpression of Id
To examine whether Id overexpression alone can induce activation of HUVECs, we measured the expression levels of ICAM-1 (CD54) and E-selectin (CD62E) after transfection of Id1 or Id3 in the absence of VEGF. mRNA levels of ICAM-1 was significantly increased both in Id1 and Id3 transfectants (Fig. 3, a and c) . Correspondingly, the cell surface expression of ICAM-1 was significantly up-regulated in Id1 transfectants (Fig. 3a) and, to a lesser extent, in Id3 transfectants (c). In contrast, mRNA level and surface expression of E-selectin was clearly up-regulated in Id3 transfectants (Fig. 3d) but not in Id1 transfectants (b). These results suggested that both Id1 and Id3 can induce activation of HUVEC, but their downstream pathways may not be identical.
Induction of angiogenic processes by overexpression of Id
We next examined whether overexpression of Id in HUVECs can induce angiogenesis. Both Id1 and Id3 transfectants exhibited significant increase in the transmigration activity, especially when the cells were cultured with IL-1␤ (0.5 ng/ml) or VEGF (20 ng/ml) (Fig. 4a) .
MMP2 and MMP9 are MMPs relevant to angiogenic processes. Basal expression levels of MMP2 and MMP9 mRNA were significantly increased both in Id1 and Id3 transfectants, and were comparable to those of VEGF-stimulated mock transfectants (Fig. 4b) . Zymography confirmed up-regulation of MMP2 and MMP9 enzymatic activities (Fig. 4c) . In the transfectants, not only the total MMP2 and MMP9 expression levels, but also expression levels of the active forms of MMP2 and MMP9 were increased compared with mock transfectants. Furthermore, tube formation in the Matrigel assay was markedly enhanced both in Id1 and Id3 transfectants even in the absence of VEGF (Fig. 5) . Taken together, these observations indicate that overexpression of Id alone can induce angiogenic processes in HUVECs.
Inhibition of VEGF-induced proliferation and activation of HUVECs by ID1 and ID3 shRNA
In the next sets of experiments, we addressed the question whether Id proteins are essential for proliferation, activation, and angiogenic processes of HUVECs induced by VEGF. To inhibit expression of Id1 and Id3, we used RNA interference (RNAi). HUVECs were doubly transfected with RNA expression vectors containing ID1 and ID3 shRNA at 0.125, 0.5, or 1 ng/ml. A dose-dependent inhibition of VEGF-induced Id3 (Fig. 6a) and Id1 (data not shown) expression was observed. Subsequent studies were conducted using 1 ng/ml ID1 and ID3 shRNA transfectants.
Id1/Id3 double-knockdown transfectants exhibited significantly decreased proliferation when stimulated with VEGF (Fig. 6b) . With respect to adhesion molecules, mock transfectants showed modest up-regulation of surface expression of ICAM-1 (Fig. 6c ), E-selectin (d), and substantial up-regulation of ␣ v integrin (e), when stimulated with VEGF. In ID1 and ID3 shRNA transfectants, up-regulation of these molecules were completely inhibited (Fig.  6, c-e) . When HUVECs were treated with either ID1 or ID3 shRNA, VEGF-induced ICAM-1 expression was inhibited, but induction of E-selectin and ␣ v integrin were not (data not shown).
We next tested whether Id1/Id3 knockdown also inhibits HUVEC activation by IL-1␤ and TNF-␣. IL-1␤ modestly up-regulated ICAM-1 expression, which was not inhibited by knockdown of Id1 and Id3 (Fig. 6f) . In contrast, TNF-␣-induced up-regulation of E-selectin was inhibited by knockdown of Id1 and Id3 (Fig. 6g) .
Inhibition of VEGF-induced angiogenesis by ID1 and ID3 shRNA
We next examined whether Id1/Id3 double knockdown can inhibit the VEGF-induced angiogenic processes of HUVECs. VEGF-induced transmigration activities were abolished in ID1 and ID3 shRNA transfectants (Fig. 7a) . mRNA expression of MMP2, but not MMP9, was significantly decreased by Id1/Id3 knockdown, when HUVECs were cultured in the presence of VEGF (20 ng/ml) (Fig. 7b) . VEGF-induced tube formation in Matrigel was markedly decreased in ID1 and ID3 shRNA transfected cells (Fig. 7, c and  d) . Such inhibition of the angiogenic processes was accompanied by a down-regulation of ␣ 2 and ␤ 1 integrins in ID1 and ID3 shRNA transfectants (Fig. 6, h and i) . Thus, these results indicate shRNA expression vectors at various concentrations or pSilencer alone (mock). After HUVECs were cultured for 24 h with or without VEGF (20 ng/ml), mRNA levels of ID3 and GAPDH were quantitated. Dose-dependent suppression of ID3 induction was observed. ID1 induction was also inhibited (data not shown). b, Reduced VEGF-induced proliferation of double-knockdown transfectants. Proliferation was analyzed using WST-1 at 24 h. VEGF-induced proliferation was significantly inhibited in Id1/Id3 double-knockdown transfectants. c-e, Inhibition of VEGF-induced activation of HUVECs by Id1/Id3 double knockdown. Surface expression of ICAM-1 (c), E-selectin (d), and ␣ v integrin (e) was measured in mock transfectants with or without stimulation with VEGF (20 ng/ml), and ID1 and ID3 shRNA double transfectants stimulated with VEGF. Id1/Id3 double knockdown resulted in inhibition of VEGF-induced expression of ICAM-1, E-selectin, and ␣ v integrin. f, ICAM-1 expression was modestly up-regulated at 24 h after IL-1␤ treatment (1 ng/ml) in mock-t, which was not inhibited by knockdown of Id1/Id3. g, E-selectin expression was up-regulated at 5 h after TNF-␣ treatment (20 ng/ml) in mock-t, which was inhibited by silencing of Id1 and Id3. h and i, Surface expression of ␣ 2 (h) and ␤ 1 (i) integrins in ID1, ID3 shRNA transfectants stimulated with VEGF (20 ng/ml). Both integrins were down-regulated. that the expression of Id plays a crucial role in the VEGF-induced angiogenic processes in HUVECs.
Discussion
In the present study, we demonstrated that overexpression of Id alone can induce proliferation, activation, and angiogenic processes of HUVECs in the absence of VEGF, to levels similar to that of VEGF-stimulated untransfected HUVECs. Moreover, knockdown of ID1 and ID3 in HUVECs almost completely abolished the VEGF-induced proliferation, activation, and angiogenic processes. These findings indicate a crucial role for Id in some of the VEGF signaling pathways in HUVECs.
Using Id1 ϩ/Ϫ Id3 Ϫ/Ϫ mice, it has been shown that Id expression is required to support angiogenesis in tumors (19) , and that recruitment of VEGFR1 ϩ myeloid cells and VEGFR2 ϩ circulating endothelial precursor cells expressing Id is necessary for tumor growth (26) . The new information presented in this study, including the requirement of Id also in human endothelial cells, up-regulation of ICAM-1 and E-selectin by forced expression of Id, and inhibition of endothelial cell activation and angiogenesis by double knockdown of Id1 and Id3, further emphasizes the crucial role of Id in endothelial cell activation and angiogenesis.
Previous reports demonstrated that Id controls the cell cycle in several ways (15) , for example, by binding to Rb protein and blocking its tumor suppressor function (6, 12) , or by inhibiting the binding of Ets1 and Ets2 transcription factors to p16
INK4a promoter and repressing its expression (16) . Our data suggested that at least the latter mechanism is operative in HUVECs. Id family proteins have been generally shown to promote apoptosis in a variety of conditions (24) . However, in some settings, Id was shown to have antiapoptotic activity (25) . Our present data suggested that overexpression of Id3, but not Id1, can protect HUVEC from apoptosis induced by serum starvation. In HUVECs, it was previously shown that VEGF prevents apoptosis induced by serum starvation (22) . These results suggest that Id3 may mediate antiapoptotic effect induced by VEGF in HUVECs, and such an effect may also partly account for enhanced proliferation of Id3 transfectants.
As for ICAM-1 and E-selectin induction, it was recently demonstrated that VEGF induces these adhesion molecules in HUVECs through NF-B (27) , and that Id1 activates NF-B transcription in prostate cancer cells (25) . Our present data provide evidence that Id is involved in the signaling pathway that connects VEGF receptors and NF-B activation in HUVECs. In our system, we have not distinguished contribution of each VEGFR for the induction of Id, which should be investigated in future studies. Although gene silencing of Id1 and Id3 efficiently inhibited ICAM-1 and E-selectin induction by VEGF and TNF-␣, up-regulation of ICAM-1 by IL-1␤ was not inhibited. Taken together with the lack of ID1 and ID3 mRNA induction after stimulation with IL-1␤, our results suggest that Id may not be involved in the IL-1␤ pathway of HUVEC activation. In the case of TNF-␣ stimulation, because mRNA of ID was not up-regulated, the presence of basal level of Id may be necessary for the activation of HUVEC by TNF-␣. The signaling pathways of VEGF, TNF-␣, and IL-1␤ in endothelial cells have not yet been fully delineated (28) , and further studies are necessary to address the relationships of these pathways and Id.
When HUVECs were treated with VEGF or TGF␤, expression of Id was induced. Expression of Id3 has been shown to be induced by the Ras-ERK pathway in thymocytes (17) , and through type I receptor of the TGF␤ via Smad1/5 signaling in HUVECs (18), whereas Id1 expression was associated with Raf/MEK1/2 activation in a human prostatic cancer cell line (29) and Smad1/5 signaling in HUVECs (18) . Induction of Id in HUVECs by VEGF is reasonable, because MAPK cascade exists in the downstream of VEGF signaling pathways (30) . In contrast, stimulation with IL-1␤, TNF-␣, or bFGF did not induce Id1 or Id3 in HUVECs, suggesting that Id may not be a ubiquitous mediator of inflammation, but more specifically associated with signaling pathways leading to angiogenesis.
For the knockdown experiments, we used double knockdown of Id1 and Id3, because knockdown of either one of them resulted in only partial inhibition of VEGF-induced activation or angiogenesis. Such results were expected, because it has been demonstrated that Id1 and Id3 have similar promoter region sequences, and exert overlapping biochemical functions; thus either one might be able to compensate the other, at least partially. In contrast, our results indicated that knockdown of both Id1 and Id3 was sufficient to abolish most of the angiogenic processes induced by VEGF in HUVECs, and Id2 and Id4 cannot compensate for the lack of Id1 and Id3. ID1 and ID3 shRNA sequences were designed from the 5Ј region specific to each gene. Because RNAi can block gene expression only when the shRNA sequence is highly matched with the target gene (31), Id2 and Id4 expression were not considered to be suppressed.
Although Id3 overexpression up-regulated MMP9, knockdown of Id did not inhibit VEGF-induced up-regulation of MMP9. This suggests the presence of other pathways that lead to MMP9 upregulation. Nevertheless, Id knockdown resulted in marked inhibition of tube formation in Matrigel. Such discrepancy may be explained by reduced expression of ␣ 2 and ␤ 1 integrins, whose ligands are collagen and laminin, the main components of basement membranes and also of Matrigel (32, 33) . Thus, Id seems to be involved in multiple pathways leading to activation of endothelial cells and angiogenesis. Although the functions of Id1 and Id3 are substantially overlapping (11, 14) , it is intriguing to delineate the pathways from each Id protein to a multitude of endothelial cell activation and angiogenic processes. Indeed, our observations indicated some notable differences between the effects of Id1 and Id3 overexpression; for example, Id1 overexpression failed to up-regulate E-selectin and to protect HUVEC from apoptosis induced by serum starvation. It has recently been reported that Id1 down-regulates expression of thrombospondin-1, a suppressor of angiogenesis (34) . It is also of interest to examine whether all of the angiogenic processes associated with Id can be explained by down-regulation of thrombospondin-1. To gain further insights, DNA microarray analysis is underway.
In conclusion, we demonstrated that Id plays an indispensable role for the VEGF-induced activation and angiogenic processes of HUVECs. Based on the inhibition of endothelial cell activation and angiogenesis with RNAi, as well as the low expression of Id in most of the normal adult tissues, Id should be considered an attractive target for the development of new therapeutic approaches for disorders associated with excessive angiogenesis.
